Purpose Induced chromosomal instability and micronucleus (MN) formation in blood lymphocytes of infertile men in comparison with fertile men exposed to gamma radiation was investigated. Methods Blood samples of healthy and infertile donors were irradiated by 2 and 4 Gy Co-60 gamma-rays, then cultured in RPMI-1640 complete medium containing 1% phytoheamaglutinin (PHA) and incubated in a CO 2 incubator. Cytochalasin-B was added to the cultures at a final concentration of 4 μg/ml. Finally, harvesting, slide making, and analysis were performed according to standard procedures. Results We observed a statistically significant difference between the frequencies of micronuclei in lymphocytes of infertile individuals, compared to healthy donors, before and after exposure to gamma rays. Although higher in azoospermia patients, the frequency of MN was not statistically different between infertile groups. Conclusions This study indicates that genomic instability in infertile men could probably contribute to the development of an impaired reproductive capacity.
Introduction
Approximately 15% of couples attempting to conceive over a period of 1 year are unable to become pregnant and among them nearly 40% are male factors. This might be partly due to chromosomal abnormalities which are nearly ten times higher in infertile males than in the whole population [1] .
Sperm cells carry significant background levels of aneuploidy and chromosome breakage [2, 3] . Errors in chromosome segregation during meiosis I and II contribute to numerical chromosome abnormalities in germ cells, which can be transmitted to offspring [4] . Aneuploidy and structural chromosome aberrations are major causes of fertilization failure, preimplantation failure, spontaneous abortion, and many other birth defects [4, 5] .
Higher frequency of chromosomal aneuploidy in sperm of subfertile males is somewhat related to the DNA damage in their germ cells [6] . Studies have shown that infertile men have increased chromosomal fragility compared with fertile ones. Chromosomal fragility is defined as the generation of mutations by physical, chemical or biological factors in various sites as in one or more chromosomes and in one or more cells. Studies on genome integrity and infertility indicate that one of the main reasons for failure of conception and miscarriage is an elevated rate of DNA nicks in human sperm. The correlation between the incidence of chromosome aneuploidies in sperm and somatic cells has also been demonstrated in previous studies, as well as a possible role of mitotic instability in unexplained infertility [7] [8] [9] [10] . Previously, increased micronucleus frequency in couples with infertility or those with two or more spontaneous abortions was reported [11] . An increased level of micronuclei has been shown to be a marker of chromosome damage.
Chromosome instability in peripheral blood lymphocytes after being exposed simultaneously to mitomycin C (MMC) and caffeine (CAF) was demonstrated to be statistically significant in previous studies on infertile individuals with idiopathic sterility, compared with fertile ones [8] . Recently, Bobadilla-Morales et al. (2009) [12] have reported chromosome instability in a patient with recurrent abortions after exposure of oral mucosa cells to gamma radiation, UV light, and mitomycin-C. However, these authors have shown increased chromosomal abnormalities only for one woman.
The present study investigates the chromosomal instability in lymphocytes of infertile men in comparison with fertile men after exposure to gamma radiation (as a clastogenic agent). Ionizing radiations are known to cause chromosomal lesions and cancers and leave a permanent record on the genome which may be used as biomarker to assess genetic changes. Different people may be exposed to radiation for such reasons as job requirements, their lifestyle, and/or for medical reasons; and infertile people are not exceptions.
In this research, chromosomal instability was measured by the use of micronuclei assay. The cytochalasin-B blocked micronucleus assay is a mutagenic test system for detection of chemicals and physicals which induce the formation of small membrane bound DNA fragments (i.e. micronuclei in the cytoplasm of interphase cells). These micronuclei may originate from acentric fragments (chromosome fragments lacking a centromere) or whole chromosomes which are unable to migrate with the rest of the chromosomes during the anaphase of cell division [11, 13, 14] .
Materials and methods

Blood donors
Blood donors were divided into three groups according to the world health organization criteria (WHO 1999) [15] : Oligospermia with mean sperm count (15×10 6 ±2.4), azoospermia with no sperm in semen, and normal males with mean sperm count (50×10 6 ±3.1). Mean age of these individuals were 35.1 ± 3.7, 34.4 ± 4.1, and 34.9 ± 3.9 respectively; each group consists of 10 donors. The study was approved by the Ethical Committee of the Faculty of Medical Sciences of Tarbiat Modares University (Tehran, Iran). Patients also gave their informed written consent. All donors completed a written questionnaire to obtain information related to their life style such as dietary habits, medical history and exposure to chemical and physical agents. Therefore, all samples had been screened to exclude radiation exposure, smoker, varicocele, genital tract infections, hepatitis, and HIV.
Micronuclei assay
Heparinized blood was transferred to microtubes (Eppendorf, Hamburg, Germany), and irradiated with doses of 2 and 4 Gy gamma-rays generated from a radiotherapy cobalt-60 source (Theratron II, 780 C, Canata, ON, Canada) at a dose rate of 1.23 Gy/min, with source to sample distance (SSD)=82 cm, field size: 20×20 cm and at room temperature (23± 2°C). The rationale for using 4 Gy dose of gamma rays was based on our previous studies which showed transgenerational genomic instability as chromosomal aberrations [16] and micronuclei [17] in mice. The dose of 2 Gy was chosen to investigate the dose dependent nature of micronuclei formation in studied groups. Also the selected radiation doses are important in cancer patients receiving ionizing radiation for treatment of cancers such as prostate, testicular or rectal. The routine daily radiation dose is 2 Gy in radiotherapy of these cancers and mean cumulative radiation exposure to the testicles at the end of treatment is shown to be about 3.56 Gy [18, 19] . Therefore, if there exist genome instability in a non target tissue like peripheral blood lymphocytes, then a similar effect is expected to occur in germ cells.
Lymphocyte cultures were set up in the laboratory by adding 0.5 ml of heparinized blood to 4.5 ml of complete medium RPMI-1640 (Sigma, St. Louis, MO, USA) supplemented with 1% L-Glutamine (20 mM, Sigma), 15% fetal calf serum (Gibco-BRL, Paisley, UK) and penicillin (100 U/ul), streptomycin (100 μg/ul) then added phytohemaglutinin (PHA, 1%) (Sigma, St. Louis, MO, USA) as mitogen. Cells were incubated for 92 h in a 5% CO 2 incubator. 36 h after culture initiation, cytochalasin-B (Sigma, St. Louis, MO, USA) at a final concentration of 4 μg/ml was added to the cultures. The cultures were then centrifuged at 1,200 rpm for 10 min. The pellet was resuspended in hypotonic solution (KCl, 0.075 M, Merck, Darmstadt, Germany) and immediately centrifuged at 1,200 rpm for 10 min, and resuspended in freshly prepared, ice-cold fixative containing methanol: acetic acid (3:1) (Merck, Darmstadt, Germany), left for 20 min at room temperature. The solution was then centrifuged at 1,200 rpm for 10 min, and the pellet was resuspended in freshly prepared ice-cold fixative containing methanol:acetic acid (6:1). If the solution was not clear after additional centrifugation, the last step was repeated until a clear solution was obtained. After decantation to reduce the volume to about 0.2 ml, the pellet was mixed with the remaining fixative and dropped from about 3 cm with a Pasteur pipette onto an ethanolwashed slide; the fixative was removed by slight blowing, decantation and air-drying. Subsequently, the slides were stained in 5% Giemsa solution for 10 min.
Micronuclei analysis
Micronuclei were analyzed under a blind fashion using coded slides among 1,000 binuclear cells for each sample using a Ziess (Germany) light microscope with a 100× objective lens. Scoring criteria was followed as described by Fenech [20] . All particles in the cytoplasm, with the size smaller than one-third of the main nuclei, round-shaped, and with similar staining characteristics as the main nuclei were scored as micronuclei. Figure 1 shows typical photomicrograph of binucleated cells with micronuclei and stained with Giemsa.
Statistical analysis
Results were analyzed using SPSS (version 17) software (SPSS Inc., Chicago, IL, USA) and one way analysis of variance (ANOVA) to determine the significance of differences between studied groups. P-value of less than 0.05 was considered as significant.
Results and discussion
Distributions and frequencies of MN in lymphocytes of normal and infertile men before and after irradiation at 2 and 4 Gy are summarized in Table 1 and shown in Fig. 2 . As seen, background frequency of MN in binucleated cells for normal men were 28±4.3 which increased to 42.8±9.8, 48.5±10.8 in oligospermia and azoospermia individuals respectively.
Although high background frequency of MN in oligospermia and azoospermia samples is statistically different compared to normal control (P <0.05), the difference between oligospermia and azoospermia groups is not significant (P>0.05).
Irradiation of blood samples from normal and infertile individuals caused a dramatic increase in the frequency of MN in all samples in a dose dependent manner. Bar chart in Fig. 2 indicates a small inter-individual difference for all study groups. As seen, the mean frequency of MN after irradiation by 2 and 4 Gy gamma rays was significantly higher in oligospermia and azoospermia samples compared to normal control. Furthermore, higher frequency of MN was observed in azoospermia samples after both 2 and 4 Gy gamma-irradiation, but the difference was not statistically significant compared to oligospermia group (P>0.05).
Micronuclei are the result of chromosomal aberrations induced during preceding mitotic division of cells. These are from acentric fragments or lagging chromosomes induced by mutagens or clastogens such as ionizing radiation or they could be the result of non-disjunction. Chromosomal aberrations induced by clastogens are mainly arising due to DNA double strand breaks (DSB). The DSB generated by intrinsic mechanisms that could have been increased by ionizing radiation, causes adverse biological effects in cells. The biological consequences of exposure to ionizing radiation include gene mutation, chromosome Fig. 1 Typical photomicrographs of a binuclei cells, magnification×100; b binuclei with 1 micronuleus, magnification×1,000; c binuclei with 2 micronulei, magnification×1,000. Cells were stained in Giemsa. BN, N and M in the figure denotes binuclei, nucleus and micronuclei respectively aberrations, cellular transformation and cell death. These effects are attributed to the DNA-damaging effects of ionizing radiation resulting in irreversible changes during DNA replication or during the processing of the DNA damage by enzymatic repair processes. Initially, a 4-Gy dose of ionizing radiation produces approximately 120-160 DSB, 1,000-2,000 single-strand DNA breaks (SSB) and a similar number of base damaging events in the cell [21] . The DSBs at one or both genes appear to be located randomly within large regions of many kilo bases in all cases; at least one of two DSBs is generated by ionizing radiation, directly or indirectly by free radical formation. DSB, as biologically most deleterious type of genome damage, must be accurately repaired to protect genomic integrity, ensure cell survival, and prevent carcinogenesis [22, 23] . Some of these occur very soon after radiation exposure; if left unrepaired may result in longer-term alterations, affecting the maintenance of chromosome stability. However even if DNA damage is repaired in repair proficient cells, signaling of a single DSB triggers the cells to make a genomic rearrangement at the crossover points of a looped chromatin domain, possibly a transcription factory [24, 25] .
As seen in Table 1 and Fig. 2 , background chromosomal instability in infertile men is more than normal ones. This phenomenon shows that DNA damage and chromosome instability are significantly different between infertile and normal men in their blood samples, and also in their sperms as shown recently [6, 26] . Increase of chromosomal instability as micronuclei in infertile men after exposure to radiation versus normal men (Fig. 2 ) confirms these issues, because one of the important impacts of radiation on genome is formation of various types of DNA damages (SSB or DSB). DSBs or SSBs induced in the DNA by endogenous processes or exogenous agents can in principle be repaired either by nonhomologous end joining (NHEJ) or homology directed repair (HDR). Studies have also shown that elevated rate of DNA nicks and double strand breaks in sperms of infertile men could lead to infertility and 50% of miscarriages; this means that these individuals have a background genetic instability that can be caused by their inability to repair DNA damage and are susceptible to mutagenic and clastogenic agents [27] [28] [29] .
Other researchers have previously shown that genotoxic and antineoplastic agents such as MMC and CAF can induce statistically significant DNA instability and sister chromatid exchange (SCE) in cultures of peripheral blood lymphocytes of infertile men [8] . In another study also chromosomal analysis was performed using G-banding and C-banding techniques; Karyotyping analysis indicated chromosomal fragility, trisomic lines, and marker chromosomes in lymphocytes of some infertile men [10] . Therefore, our observation in line with other reported studies indicates that the nature and level of DNA damage differs between fertile and infertile men and reports the particularly fragile nature of the genetic material of infertile men in comparison to normal fertile individuals. More specifically, infertile men were more prone to have DNA damage [30] . A dramatic distinctive difference between DNA damage in sperms of normal and different groups of subfertile individuals has recently been reported [6] . The correlation of DNA damage in sperm and chromosome instability in blood lymphocytes is also being shown by studying the level of sperm DNA fragmentation and scrutinizing the carriers of a chromosomal structural abnormality with abnormal or normal spermogram [31] .
In conclusion our results indicate that the nature and level of genome instability and micronuclei formation in lymphocytes differs between fertile and infertile men. Moreover, radiation induced micronuclei in lymphocytes of infertile individuals was statistically different compared with normal individuals, but the level of MN was not statistically different between oligospermia and azospermia patients; although higher frequency of MN was found in lymphocytes of azospermia patients.
